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Abstract 

The  performance  of  a  standard,  production  VRLA  cell  has  been  improved  by  paralleling  with  combinations  of  supercapacitors.  The 
supercapacitors  act  to  lower  the  source  impedance  of  the  combination  providing  a  much-enhanced  performance.  Transient  voltage  swings 
are  suppressed  and  the  rms  voltage  is  supported.  Low-temperature  performance  may  also  be  improved  due  to  the  characteristics  of  the 
supercapacitor.  These  enhancements  are  described  for  various  combinations  of  cell  and  supercapacitor  under  realistic  hybrid  vehicle  power 
demands.  A  simple  model  is  proposed  and  used  to  demonstrate  supercapacitor  size  requirements  for  optimal  current  in  the  parallel  cell. 
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1.  Introduction 

Recent  increased  interest  in  hybrid  vehicles  has  been  pri¬ 
marily  motivated  by  the  perceived  improvement  in  fuel  ef¬ 
ficiency  obtained  with  these  vehicle  topologies,  when  com¬ 
pared  to  similar  all  ICE  based  vehicles.  However,  currently 
only  a  handful  of  hybrid  electric  vehicles  (HEV)  are  offered 
for  sale  on  the  forecourt,  as  whilst  the  adoption  of  hybrid 
drive  systems  leads  to  gains  in  fuel  efficiency,  lowering  of 
vehicle  emissions  and  improvements  in  vehicle  performance, 
the  high  costs  of  state-of-the-art  battery  technologies  such  as 
NiMH  and  Lilon,  used  as  peak  power  buffers  in  these  ve¬ 
hicles,  is  considerable.  Currently,  the  use  of  cheaper  mod¬ 
ern  valve  regulated  lead  acid  (VRLA)  cells  within  a  hybrid- 
electric  vehicle  is  prohibitive,  due  to  considerably  reduced 
cell  lifetime  experienced  under  the  partial  state-of-charge 
(PSoC)  cycling,  normally  encountered  within  a  hybrid  ve¬ 
hicle. 
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Hybrid  driving  demands  are  characterised  by  high  power 
discharge  and  charge  pulses  that  occur  during  vehicle  accel¬ 
eration  and  regenerative  braking,  respectively.  These  pulsed 
currents  reduce  overall  VRLA  cell  runtime,  and  overall  bat¬ 
tery  health,  by  two  mechanisms  [1,2]: 

1 .  Physical  degradation  of  the  cell  structure.  Pulsed  currents 
normally  encountered  by  the  battery  lead  to  higher  rms  cell 
currents,  with  accompanying  higher  operating  tempera¬ 
tures.  This  gives  rise  to  considerably  shorter  cell  lifetime, 
due  to  increased  grid  corrosion,  and  increased  gassing 
within  the  cell,  leading  to  separator  dry  out,  and  eventual 
cell  failure. 

2.  Higher  currents  lead  to  reduced  available  capacity.  This 
reduced  capacity  is  caused  by  the  isolation  of  active  ma¬ 
terial  due  to  the  blocking  of  pores  by  sulphate  deposition 
during  high  rate  discharge.  Also  the  reaction  rate  may  out¬ 
strip  the  diffusion  rate  causing  a  depletion  of  ions  at  the 
reaction  surface  [3]. 

In  addition,  high  current  pulses  will  create  short  duration 
low-cell  voltages  due  to  the  Ohmic  voltage  drop  caused  by 
the  cell’s  internal  resistance.  These  low-voltage  pulses  in- 
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turn  may  trip  low-voltage  limit  detection  systems  in  closely 
managed  battery  packs. 

As  an  example,  the  road  data  collected  from  a  Honda  In¬ 
sight  hybrid  vehicle  shows  peak  charge  and  discharge  cur¬ 
rents  of  approximately  50  and  90  A,  respectively  into  the 
standard  NiMH  battery  pack  supplied  with  the  vehicle,  when 
subjected  to  a  series  of  vehicle  driving  tests  [4].  Small  com¬ 
mercially  available  VRLA  cells  tend  not  to  have  the  current 
capability  required  of  a  hybrid  power  system’s  peak  power 
buffer,  as  the  terminals  of  a  typical  spiral  wound  VRLA,  of 
comparable  ampere-hour  (Ah)  capacity  to  that  of  the  NiMH 
cell  used  within  the  Insight’s  battery  pack,  are  only  designed 
to  accept  a  16  A  push  fit  spade  terminal.  Therefore,  whilst  the 
VRLA  cell  would  be  able  to  supply  the  required  energy,  its 
power  capability  would  be  seriously  reduced  when  compared 
to  that  of  the  NiMH  cell. 

A  number  of  hybrid  vehicle  system  have  been  proposed 
with  the  use  of  supercapacitors  as  the  peak  power  buffer 
[5-7] ,  however  whilst  the  power  capability  of  supercapacitors 
is  adequate  for  HEV  use,  their  energy  storage  capacity  may 
not  be  great  enough.  For  example,  a  Maxwell  2500  F  superca¬ 
pacitor  stores  only  ^  th  of  the  energy  of  the  aforementioned 
VRLA  cell.  This  is  due  to  the  steep  slope  of  the  capacitors 
voltage  versus  charge  characteristic.  However,  supercapaci¬ 
tors  do  have  a  very  repeatable  high  power  capability  and  a 
significantly  long  lifetime  when  compared  to  most  standard 
electrochemical  cells.  A  parallel  combination  of  supercapac¬ 
itor  and  VRLA  cell  will  therefore  form  a  novel  peak  power 
buffer,  whilst  remaining  an  economically  viable  proposition. 
Under  this  operating  scenario,  the  cell  supports  the  bulk  en¬ 
ergy  requirements  of  the  vehicle,  whilst  the  supercapacitor 
supports  the  majority  of  the  peak-current  output  and  sink  re¬ 
quirements. 

The  idea  of  coupling  supercapacitors  and  cells  is  not  new. 
This  approach  has  been  made  for  lower  power  applications 
such  as  laptop  computer  and  mobile  phone  batteries,  no¬ 
tably  to  support  lithium  ion  cells  [1].  Although  Holland  et  al. 
showed  in  [2]  that  coupling  a  Li-ion  cell  and  supercapacitor, 
and  testing  under  a  simple  pulsed  current  load  provided  only 
a  marginal  increase  in  available  capacity.  Further,  systems 
employing  individual  banks  of  both  cells  and  supercapaci¬ 
tors  have  been  applied  to  electric  vehicles  [8,9].  Under  these 
conditions,  vehicle  range  is  improved  together  with  battery 
lifetime,  at  the  expense  of  the  requirement  for  a  high-current, 
dc  to  dc  converter  to  efficiently  manage  the  energy  flow  within 
the  vehicle,  imposed  by  the  large  voltage  swings  experienced 
by  the  supercapacitor  bank.  Also,  active  balancing  circuits  are 
necessarily  employed  within  the  strings  of  supercapacitors  to 
limit  voltage  mismatches  as  serious  device  damage  can  oc¬ 
cur  if  supercapacitor  peak  voltage  ratings  are  exceeded  [10]. 
However  the  voltage  range  of  the  VRLA  cell  (approximately 
1 .7-2.45  V  at  the  1  C  rate)  is  well  matched  to  that  of  superca¬ 
pacitors  (typical  peak  voltage  rating  of  2.8  V),  allowing  the 
direct  parallel  connection  of  the  two  devices. 

It  is  well  documented  [11,12]  that  the  overcharging  of 
VRLA  cells  can  lead  to  excessive  gassing  and  venting,  cells 


should  therefore  be  well  ventilated  due  to  the  explosive  and 
corrosive  properties  of  the  gaseous  mixture.  The  effective 
management  of  cell  voltages  will  limit  the  occurrence  of 
such  venting  and  prolong  cell  lifetime.  To  accomplish  this 
simple  FET  based  bypass  devices  can  be  applied  to  cells,  this 
approach  is  also  used  for  active  balancing  circuits  in  superca¬ 
pacitor  banks.  When  VRLA  cells  are  directly  paralleled  with 
supercapacitors,  the  closed  oxygen  cycle  of  a  VRLA  cell  may 
act  as  a  simple  bypass  device,  which  in-turn,  lowers  the  re¬ 
quired  rating  of  any  external  balancing  or  bypass  circuitry 
needed  when  operating  such  couples  within  a  battery  string. 


2.  Experimental  investigation 

To  ensure  the  cells/supercapacitors  were  subject  to  typi¬ 
cal  HEV  driving  cycles,  real  battery  pack  data  was  collected 
from  a  Honda  Insight  driven  on  the  Millbrook  test  track  [4]. 
The  driving  cycle  included  sections  of  urban  stop-start  driv¬ 
ing,  aggressive  driving  on  the  hill  circuit  and  motorway  driv¬ 
ing  with  speeds  up  to  150  kph.  Battery  current  and  voltage 
data  logged  during  driving  was  then  used  to  create  a  ‘typi¬ 
cal’  power  demand  profile  of  2400  s  duration,  this  then  being 
scaled  to  represent  the  power  demand  that  is  experienced  by 
one  VRLA  cell  within  a  pack.  An  example  of  this  power  pro¬ 
file,  scaled  for  a  single  cell,  is  illustrated  below  in  Fig.  1 .  Posi¬ 
tive  power  indicates  cell  charging,  whilst  negative  power  indi¬ 
cates  cell  discharge.  This  ‘standard’  profile  was  then  applied 
to  a  number  of  cell/supercapacitor  combinations  to  ascertain 
their  performance  under  typical  HEV  driving  conditions,  the 
cells  used  in  the  tests  being  Hawker  Cyclon  8  Ah  (at  the  5  h 
discharge  rate)  VRLA  cells  of  a  nominal  capacity  similar  to 
that  of  the  NiMH  cells  used  in  the  Honda  Insight  hybrid  ve¬ 
hicle  (6  Ah  1  h  discharge  rate),  together  with  supercapacitors 
manufactured  by  both  EPCOS  and  Maxwell. 

The  driving  cycles  were  applied  to  the  cell/supercapacitor 
combinations  in  a  purpose  built  high  power  cell  test  bench, 
constructed  to  allow  the  continuous  testing  of  cells  and  su¬ 
percapacitors  under  the  applied  test  profile,  and  controlled 
ambient  temperature.  The  test  bench  consists  of  a  computer 
controlled  bidirectional  power  supply,  shown  schematically 
in  Fig.  2,  allowing  controlled  currents  of  up  to  ±100  A.  The 
control  loop  allows  a  demand  bandwidth  of  100  Hz,  and  data 
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Fig.  1 .  Test  power  profile  for  one  VRLA  cell. 
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collection  occurs  at  up  to  1  kHz.  The  measurement  resolu¬ 
tions  are  0.3  mV  and  3  mA  for  cell  voltage  and  current,  re¬ 
spectively. 

As  the  test  profile  utilised  is  a  power  profile,  the  instan¬ 
taneous  cell  current  demand  is  dependant  on  the  actual  cell 
voltage  at  any  point  during  the  test.  Under  these  conditions,  if 
the  cell  voltage  drops  rapidly  due  to  the  cell  approaching  0% 
SoC,  the  current  demand  on  the  cell  increases,  leading  to  a 
positive  feedback  mechanism  and  subsequent  end  of  the  test 
when  it  reaches  the  100  A  cell  maximum  current  demand 
set  within  the  system,  this  limit  being  imposed  to  mimic 
the  100  A  maximum  current  limit  observed  on  the  actual 
vehicle. 

As  cells  are  ideally  held  in  a  partial  state-of-charge  un¬ 
der  standard  hybrid  operation,  to  allow  ample  available  ca¬ 
pacity  for  power  assist,  whilst  retaining  the  ability  to  effi¬ 
ciently  absorb  charge  during  regenerative  braking  [13],  an 
initial  cell  SoC  of  80%  of  the  cells  known  5  h  charge  capac¬ 
ity  was  chosen  for  this  investigation.  Prior  to  testing,  the  cells 
were  conditioned  to  bring  them  to  full  capacity,  following  the 
manufacturers  recommended  conditioning  routine.  This  rou¬ 
tine  involved  four  cycles  of  full  charge  and  discharge  of  the 
cells,  the  charging  being  over  16  h  at  a  constant  cell  voltage  of 
2.45  V,  with  a  10  A  current  limit,  in  a  controlled  ambient  tem¬ 
perature  of  25  °C.  The  following  discharge  was  then  carried 
out  at  a  constant  current  of  1.53  A,  to  a  low -voltage  cut-off 
point  of  1.70  V,  once  again  within  a  controlled  ambient  tem¬ 
perature  environment  of  25  °C.  After  conditioning,  the  cells 
were  then  discharged  from  an  initial  100%  SoC,  to  the  test 
start-point  of  80%  SoC,  with  a  1.53  A  discharge,  prior  to  the 
power  cycling.  To  minimise  transient  currents  when  connect¬ 
ing  the  supercapacitors  in  parallel  with  the  cells  under  test, 
the  supercapacitors  were  initially  charged  to  the  open  cir¬ 
cuit  voltage  of  the  cells  prior  to  the  connection  being  made. 
The  parallel  arrangement  of  cell  and  supercapacitor  was  then 
‘soaked’  in  an  ambient  temperature  of  40  °C  prior  to  the  tests, 


this  temperature  being  chosen,  as  it  is  close  to  the  optimum 
operating  temperature  for  VRLA  cells  under  standard  hybrid 
duty  [14,15], 

3.  Observations  and  discussion 

Initially,  cycling  of  a  single  Cyclon  cell  to  provide  refer¬ 
ence  data,  showed  that  the  cell  on  its  own  was  incapable  of 
completing  the  full  power  profile.  The  unassisted  cell  failed 
to  complete  the  full  test  due  to  a  current  demand  of  more 
than  the  permitted  maximum  of  100  A,  during  a  discharge 
pulse,  after  just  over  half  the  test  cycle  (1300  s).  The  current 
limit  for  these  tests  is  set  to  match  that  of  the  Honda  Insight’s 
system,  as  discussed  earlier. 

The  addition  of  a  single  100  F  supercapacitor  in  parallel 
with  the  cell  improved  the  overall  performance  slightly,  ex¬ 
tending  the  run-time  of  the  test  to  1400  s,  however,  the  addi¬ 
tion  of  the  1250  and  2500  F  capacitors  dramatically  improved 
the  overall  performance,  reducing  the  cell/supercapacitor 
voltage  excursions,  and  allowing  the  cell/capacitor  combi¬ 
nation  to  complete  the  driving  cycle,  as  the  addition  of  the 
larger  capacitors  reduced  the  overall  current  demands  placed 
on  the  cell  as  compared  with  the  unassisted  cell.  As  the  in¬ 
creasing  capacitance  improved  the  voltage  regulation  of  the 
parallel  cell/capacitor  combination,  the  total  current  demand 
on  the  pair  also  decreased  as  a  consequence  of  the  power  de¬ 
mand  profile  used  in  the  tests.  The  lower  internal  impedance 
of  the  larger  supercapacitors,  when  compared  with  that  of 
the  cell  lead  to  the  larger  supercapacitors  supplying/sinking 
a  large  fraction  of  the  transient  currents  demanded  by  the  test 
system,  the  total  voltage  equalising  the  charge  after  the  tran¬ 
sient.  This  is  clearly  illustrated  in  Figs.  3-6,  which  show  the 
current  division  between  the  cell  and  a  2500  F  capacitor  in 
parallel,  and  illustrate  the  nature  of  the  loading  on  the  pair 
during  hybrid  power  cycling. 
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Fig.  3.  Section  of  current  profiles  during  power  cycling. 


Fig.  5.  Capacitor  charging  cell  during  regeneration  pulses. 


Fig.  3  illustrates  the  division  of  current  between  the  cell 
and  2500  F  supercapacitor  at  the  start  of  the  power  profile. 
Here  it  can  be  seen  that  the  short  time  constant  of  the  super¬ 
capacitor  allows  it  to  both  supply  and  sink  the  bulk  of  the 
demanded  current  pulses,  applied  to  the  cell/capacitor  pair, 
whilst  the  magnitude  of  the  cell  current  remains  low.  During 
instances  when  the  cell/capacitor  pair  has  been  discharging 
for  a  few  10  s  of  seconds,  the  cell  takes  over  the  supply  of  the 
bulk  current,  as  during  the  first  30  s  of  Fig.  3.  This  effect  is 
also  seen  during  the  first  20  s  of  Fig.  4.  The  cell  current  then 
remains  negative  as  the  total  current  and  supercapacitor  cur¬ 
rent  both  become  positive.  The  cell  is  effectively  recharging 
the  supercapacitor  during  this  period. 

During  the  last  section  of  the  power  profile  the 
cell/capacitor  pair  was  returned  to  80%  SoC  by  the  appli¬ 
cation  of  regenerative  ‘braking’  pulses.  This  is  illustrated  in 
Fig.  5.  Here  it  can  be  seen  that  the  supercapacitor  absorbed 
the  bulk  of  the  dynamic  regenerative  current  at  each  pulse. 
Between  the  pulses,  the  supercapacitor  is  effectively  charg¬ 
ing  the  cell.  Thus  the  cell,  which  is  the  bulk  energy  store  of 
the  pair,  was  steadily  recharged  during  this  period. 

At  the  end  of  the  power  cycle  it  can  be  seen,  from  Fig.  6, 
that  the  supercapacitor  continued  to  charge  the  cell  whilst 
the  total  current  from  the  cell/capacitor  pair  was  zero.  This 
corresponds  to  the  relaxation  of  the  cell  and  supercapacitor 
over  potentials,  as  an  equilibrium  state  was  approached. 

The  rms  and  maximum  currents  for  each  cell  and  super¬ 
capacitor  pair  are  shown  in  Table  1  and  illustrated  in  Fig.  7. 
These  comparisons  cover  the  period  up  to  1300  s  of  the  cy- 
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Fig.  6.  Capacitor  charging  cell  at  end  of  power  cycle. 


Table  1 


Comparison  of  rms  cell  current  during  cycle 


Combination 

Rms  cell 
current  (A) 

Maximum  cell  current  (A) 

Cell  alone 

25.91 

100  (maximum  allowed 
for  insight  system) 

Cell  and  100F 
supercapacitor 

23.39 

93.848 

Cell  and  1250F 
supercapacitor 

13.17 

49.1959 

Cell  and  2500  F 
supercapacitor 

10.81 

37.744 

cle,  which  the  unassisted  cell  completed  successfully,  and 
allows  a  true  comparison  of  all  the  combinations  examined. 
A  simple  quadratic  fit  was  found  to  produce  a  good  match 
to  the  curve  in  Fig.  7.  The  rms  current  is  responsible  for  the 
majority  of  the  heating  effects  in  the  cell,  through  Ohmic 


1260  1285  1310 

time/s 


Fig.  4.  Cell  charging  super  capacitor  during  power  cycling. 
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Fig.  7.  Relationship  between  rms  and  maximum  cell  currents  to  superca¬ 
pacitor  size. 
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Table  2 

Comparison  of  NiMH  pack  cell  weight  and  volume  to  that  of  the  proposed 
replacement  2supercapacitor/VRLA  cell  based  pack 


144  NiMH 

72  VRLA 

72 

Cell/supercapacitor 

cells 

cells 

Supercapacitors 

pack 

Weight/kg  24.5 

39.5 

22.5 

62 

Volume/l  7.49 

11.2 

14.2 

25.4 

( I2R )  losses.  Minimising  this  heating  will  have  beneficial  ef¬ 
fects  on  cell  lifetime,  as  gassing  and  hence  electrolyte  loss 
and  also  grid  corrosion,  are  all  temperature  dependant.  As 
the  spade  terminals  of  the  eye  Ion  cell  are  rated  for  a  16  A 
continuous  current,  and  assuming  that  the  internal  resistance 
of  the  supercapacitors  scales  in  proportion  to  their  capac¬ 
itance,  then  from  the  curve  fits  to  Fig.  7,  a  supercapacitor 
of  slightly  less  than  1250  F  in  parallel  would  limit  the  cell 
current  to  its  terminal  rating  of  16  A  rms.  This  value  of  su¬ 
percapacitor  also  halves  the  maximum  current  imposed  on 
the  cell  when  compared  with  that  imposed  on  the  unassisted 
cell. 

For  sake  of  comparison,  data  taken  from  [10]  was  inter¬ 
polated  to  estimate  the  weight  and  volume  for  a  1250  F  su¬ 
percapacitor.  Hence,  the  weight  and  volume  for  a  pack  made 
up  from  cell/supercapacitor  couples  was  calculated.  Table  2 
gives  a  comparison  of  the  original  Honda  Insight  NiMH  cells’ 
volume  against  that  of  the  proposed  replacement  pack  com¬ 
ponents  and  pack  formed  from  supercapacitor  and  VRLA 
cells. 

The  table  demonstrates  that  a  weight  penalty  of  approx¬ 
imately  2.5  times  and  volume  penalty  of  approximately  3.4 
times,  would  be  imposed  by  the  adoption  of  the  proposed 
cell  supercapacitor  couple  to  replace  the  standard  NiMH 
system. 


4.  Combined  cell/supercapacitor  model 

One  problem  encountered  with  the  modelling  of  state-of- 
charge  (SoC)  for  Lead  Acid  cells,  is  the  difficulty  in  pre¬ 
dicting  the  cells  charge  acceptance  behaviour  under  large  re¬ 
generative  pulsed  currents  [16].  The  use  of  a  parallel  com¬ 
bination  of  cell  and  supercapacitor  significantly  reduces  the 
current  pulse  seen  by  the  cell,  and  hence  lowers  the  cell  over¬ 
voltages  present  on  re-charge.  Therefore  a  simple  electrical 
model  is  proposed  to  predict  the  dynamic  performance  of  the 
cell/supercapacitor  parallel  pair  under  realistic  hybrid  driving 
conditions,  and  enable  SoC  prediction  for  the  cell.  In  this  pro¬ 
posed  model,  the  supercapacitor  is  modelled  as  a  large  ideal 
capacitance  in  series  with  a  finite  internal  resistance.  As  the 
cell  exhibits  an  almost  linear  voltage  drop  on  a  low-current 
constant  rate  discharge  until  almost  fully  discharged,  the  cell 
may  also  be  approximated  by  a  large  ideal  capacitance,  once 
again  in  series  with  a  finite  internal  resistance.  The  values  for 
the  effective  capacitances  of  the  cell  and  supercapacitors  were 
obtained  using  the  following  procedure,  and  the  model  was 
initially  implemented  within  the  Spice  electrical  simulation 
package,  as  illustrated  in  Fig.  8,  to  enable  model  verification. 

The  values  of  the  capacitors  used  to  model  both  the  cell 
and  the  supercapacitor  were  obtained  by  discharging  both  the 
cell,  and  the  supercapacitor,  separately  at  the  cells  nominal 
5-h  rate  of  1.53  A,  after  initially  being  charged  to  the  cells 
full  SoC  open  circuit  voltage.  The  discharge  was  terminated 
in  both  cases  with  a  low -voltage  limit  of  1 .7  V,  representing 
0%  SoC  for  the  cell.  The  effective  capacitance  of  the  devices 
can  then  be  found  from  the  relationship  C  =  AQ/AV ',  and  are 
listed  in  Table  3. 

As  expected,  the  calculated  capacitances  of  the  superca¬ 
pacitors  were  similar  to  the  expected  ‘name-plate’  values,  the 


Fig.  8.  Spice  model  to  simulate  capacitor  and  cell  on  power  profile. 
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Table  3 

Calculated  capacitances  for  capacitors  and  cell 

Device 

Calculated  capacitance  (F) 

EPCOS  100F 

104 

Two  MAXWELL  2500  F  in  series  (1250  F) 

1,267 

MAXWELL  2500  F 

2,965 

Cyclon  VRLA  cell 

119,703 

capacitance  of  the  cell  exceeding  the  largest  supercapacitor 
by  a  factor  of  40.  The  charge  capacity  of  the  Maxwell  2500  F 
capacitor  was  found  to  be  0.405  Ah,  th  of  that  of  the  VRLA 
cell,  and  the  energy  removed  during  the  voltage  excursion  of 
the  test  was  2.838  kJ.  Similarly  the  100 F  capacitor  had  sig¬ 
nificantly  smaller  charge  capacity  of  0.008  Ah,  and  energy 
capacity  of  0.054  kJ. 

To  calculate  the  internal  resistance  of  both  the  cell  and 
supercapacitors,  they  were  discharged  individually  at  40  °C 
using  a  12  A  constant  current.  At  500  s  intervals  during  the 
discharge  a  1  Hz  5  A  amplitude  5  A  offset  discharge  (0-10  A 
peak  discharge)  excitation  was  applied  for  10  s.  The  voltage 
and  current  response  to  the  excitation  was  then  used  to  find  the 
internal  resistance  of  the  cell  and  capacitor.  The  overall  slope 
of  the  constant  current  discharge  was  also  used  to  calculate  the 
capacitance  of  the  cell  and  capacitor.  The  mean  cell  internal 
resistance  for  each  set  of  pulses  was  as  shown  in  Fig.  9. 

The  mean  capacitor  internal  resistance  was  calculated  to 
be  0.61  mf2  and  the  mean  cell  internal  resistance  was  cal¬ 
culated  to  be  4.17  mfl  When  used  in  the  model,  the  above 
values  gave  a  mean  error  in  the  terminal  voltage  of  0.0094  V 
as  illustrated  by  the  percentage  error  in  terminal  voltage  be¬ 
tween  the  actual  measured  value  and  the  simulated  value, 
shown  in  Fig.  10.  The  highest  error  between  the  actual  and 
simulated  terminal  voltage  occurs  during  the  high  recharge 
portion  of  the  power  profile,  when  the  highest  polarisations 
voltages  will  occur  within  the  cell.  Whilst  the  model  proposed 
is  extremely  simple,  and  easy  to  implement  within  a  battery 
management  system  (BMS),  the  model  fails  to  take  into  ac¬ 
count  the  activation  and  concentration  over  potentials.  Miller 
suggests  that  the  simple  capacitor  and  internal  resistor  model 
is  too  simplistic  and  proposes  a  more  complex  capacitor  and 
resistor  ladder  network  [17].  However,  more  complex  models 


Fig.  9.  Variation  of  cell  internal  resistance  with  normalised  SoC. 


time  /S 

Fig.  10.  Percentage  voltage  error  between  simulation  and  experiment. 


are  currently  under  investigation  with  cell  internal  resistance 
and  open  circuit  voltage  made  a  function  of  SoC,  in  which  a 
lumped  parameters  approach  is  being  made  to  the  represen¬ 
tation  of  the  activation  and  concentration  over  potentials  of 
the  cell. 


5.  Conclusion 

In  this  paper  we  have  proposed  a  VRLA  cell/superca¬ 
pacitor  parallel  combination  as  an  effective  HEV  peak  power 
buffer,  in  which  the  cell  current  drawn  is  reduced  as  the  super¬ 
capacitor  sources  and  sinks  the  majority  of  transient  current. 
In  turn,  the  cell  as  the  bulk  energy  store,  supports  the  rela¬ 
tively  low-energy  storage  of  the  supercapacitor.  The  nature 
of  power  demands  from  urban  driving  provide  ample  periods 
for  charge  to  be  passed  from  cell  to  capacitor  and  vice  versa, 
the  exchange  being  governed  by  relative  internal  impedances 
and  past  discharge  histories  of  the  two  power  sources.  A  sim¬ 
ple  model  was  presented  which  allowed  the  optimum  size 
of  the  supercapacitor  to  be  been  inferred  from  the  results, 
and  a  basic  measurement  of  SoC  to  be  made.  This  approach 
therefore  leads  to  the  use  of  components  that  naturally  com¬ 
plement  each  other’s  performance.  The  size  and  complexity 
of  balancing  circuits  commonly  applied  to  series  strings  of 
supercapacitors  would  be  reduced  in  this  application  due  to 
the  closed  oxygen  cycle  of  the  VRLA  cell  acting  as  an  in  built 
bypass  circuit  for  the  supercapacitor. 
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